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ABSTRACT
The formation histories of lithium-rich and carbon-rich red giants are not yet understood. It has been
proposed that the merger of a helium-core white dwarf with a red giant branch star might provide a
solution. We have computed an extended grid of post-merger evolution models and combined these
with predictions of binary star population synthesis. The results strongly support the proposal that
the merger of a helium white dwarf with a red giant branch star can provide the progenitors of both
lithium-rich red clump stars and early-R carbon stars. The distribution of post-merger models in Teff ,
log g, logL, the surface abundances of lithium and carbon, and the predicted space densities agree
well with the observed distributions of these parameters for Li-rich and early-R stars in the Galaxy.
Keywords: stars: binary:close—stars: abundances—stars: chemically peculiar—star:evolution—white
dwarfs
1. INTRODUCTION
Big Bang nucleosynthesis produced most of the ob-
served lithium in the universe. Lithium is destroyed in
stellar interiors once the temperature exceeds 2.5×106K.
Both theory (Iben 1967a,b) and observations of glob-
ular cluster stars (Lind et al. 2009) show that sur-
face lithium will be depleted during red giant branch
(RGB) evolution to less than the solar surface value of
A(Li) ≡ log10(N(Li)/N(H)) + 12 = 1.5 due to the deep
convective envelope in the first dredge-up stage. How-
ever, a small fraction of red giant branch stars show a
lithium-rich (Li-rich) photosphere (≤ 1% in the Galac-
tic disk, Brown et al. 1989). Hundreds of Li-rich giants
have been found in the last few years, including tens of
super Li-rich stars with A(Li) ≥ 3.2 (Kumar et al. 2011;
Adamo´w et al. 2014; Casey et al. 2016; Deepak & Reddy
2019; Zhou et al. 2019; Singh et al. 2019a). The most
Li-rich giant star so far discovered has A(Li) = 4.5 (Yan
et al. 2018). Most such super Li-rich giants are identified
as red clump stars. Since red clump stars are core-helium
zxf@bnu.edu.cn
burning stars, they should have already passed through
the first red-giant branch where most of their surface
lithium would have been destroyed (Jofre´ et al. 2015;
Carlberg et al. 2015; Bharat Kumar et al. 2018; Singh
et al. 2019b,a). As well as Li-rich giants observed as field
stars, some have been found in clusters (Carlberg et al.
2015), and in metal-poor populations (Li et al. 2018).
Thus, the formation of Li-rich giants does not depend on
special initial conditions but remains a puzzle for stellar
evolution theory.
Three principal scenarios have been proposed to ex-
plain the lithium enrichment in these cases. (1) The
lithium has been gained from a brown dwarf or rocky
planet companion which contains lithium (Ashwell et al.
2005; Aguilera-Go´mez et al. 2016). (2) Lithium-rich ma-
terial has been accreted from an asymptotic-giant branch
(AGB) star or a nova companion (Jose´ & Hernanz 1998).
(3) The lithium has been produced in the interior of the
star and lifted to the surface by enhanced extra-mixing
(Cameron & Fowler 1971; Sackmann & Boothroyd 1999;
Charbonnel & Balachandran 2000; Denissenkov & Her-
wig 2004; Yan et al. 2018). In scenarios (1) and (2), we
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2may expect to observe some other elements from their
companion. The typical upper limit for lithium enrich-
ment by such means is A(Li) ≤ 2.2 (Aguilera-Go´mez
et al. 2016). In scenario (3), the fresh lithium is pro-
duced by the Cameron-Fowler mechanism (Cameron &
Fowler 1971), in which lithium is created following the
3He(α, γ)7Be reaction; beryllium is assumed to be trans-
ported to a cooler region where it is converted to lithium
by β-decay (7Be(e−, ν)7Li). Thus, such a star should
have a hot burning interior zone to create 7Be and an
extra-mixing convection zone to bring the ashes of nu-
clear activity to the surface while avoiding lithium de-
struction by proton capture. In this scenario (3), the
actual mechanism that drives the extra mixing plays an
important role. Several have been proposed including ro-
tation and internal instabilities. So far, details are lack-
ing and the frequency at which such mechanisms occur
in red giants is not known.
Another type of star with chemically peculiar surface
are the carbon stars. Carbon stars are normally classi-
fied as being one of spectral types N, R, and J, (Secchi
1868; Fleming & Pickering 1908) and have C/O > 1 by
numbers in their atmospheres. The N-type and some
cool R-type (late-R) carbon stars are recognized as the
normal and most significant population of carbon stars.
Their surface compositions can be reproduced by low-
mass AGB nucleosynthesis models which have carbon
enriched by third dredge-up and have s-process elements
in their atmospheres (Zamora et al. 2009). The hot R-
type stars (early-R stars) and J-type stars are different
from normal carbon stars. Their surfaces are enriched in
13C(12C/13C < 15) as well as 12C but without s-process
enhancements (Dominy 1984; Zamora et al. 2009). The
early-R stars have magnitudes similar to the red clump
stars (Knapp et al. 2001). Most of the early-R stars
are single stars. The J-type carbon stars show a high
luminosity with a location close to the AGB on the HR-
diagram, and have a smaller ratio of 12C/13C and more
lithium on the surface than early-R stars (Abia & Isern
2000).
In the standard stellar evolution theory it is difficult to
obtain models of single stars with carbon enriched sur-
faces unless they are in the thermally pulsing AGB stage
or in the Wolf-Rayet stage of massive star evolution.
The R-stars are likely in the red clump (core helium-
burning) phase and are too faint to be in either of those
stages. The formation channel of early-R stars was un-
clear for a long time, until the proposal that they formed
by binary-star mergers was supported by binary star pop-
ulation synthesis calculations (Izzard et al. 2007). A fur-
ther study with full calculation of the post-merger evo-
lution with details of stellar parameters and abundance
further supported this channel (Zhang & Jeffery 2013).
In this merger model, the early-R stars are formed by he-
lium white dwarfs (HeWD) which merge with a red giant
branch (RGB) star. Surface lithium is enriched during
this merger process. This channel could also produce
the single J-type carbon stars (Zhang & Jeffery 2013),
though these stars could also be explained by pollution
from a nova companion (Sengupta et al. 2013). Due to
the character of Li-rich giant and early-R stars, i.e. red
giant-like stars with surfaces enriched in lithium and/or
carbon with a low 12C/13C ratio, it seems likely that the
HeWD+RGB merger channel can produce either or both
of these of stellar types.
Piersanti et al. (2010) performed a three-dimensional
smoothed particle hydrodynamics (3D SPH) simulation
of a low-mass HeWD+RGB merger (MHeWD ≤ 0.2M)
which shows that no efficient helium burning occurred
to dredge up carbon material to the surface. Zhang &
Jeffery (2013) found similar results from their 1D post-
merger calculation and also suggested that a higher mass
helium white dwarf subducted into a low-core-mass red
giant could produce carbon enrichment at the surface of
the giant. However, only five models were investigated
by Zhang & Jeffery (2013), which also adopted a much
higher accretion rate than that indicated by the 3D SPH
simulation.
To survey the products of HeWD+RGB mergers in a
larger parameter space, we extended the study of Zhang
& Jeffery (2013) by modifying the model of the merger
process and calculating models for a wider range of pro-
genitor binaries. We have adopted the results of the SPH
simulation into the 1D stellar evolution calculation and
combined the resulting evolutionary tracks with the re-
sults of binary star population synthesis. We aim to com-
pute the statistics and surface abundance of the post-
merger systems, and compare these with observational
data for Li-rich giants and early-R carbon stars. We aim
to answer: when and how does a merger make lithium
or carbon? how does the fresh material get to the sur-
face? and how many of Li-rich / early-R stars should be
observed in the Galaxy?
In this paper, we define a Li-rich giant star as having
A(Li) = log10(N(Li)/N(H)) + 12 > 1.5 and a carbon
star as having N(C)/N(O) > 1 by numbers. In § 2, we
introduce the methods of constructing and evolving the
models of post-mergers. The comparison of theory with
observation of Li-rich giants and early-R stars is shown
in section § 3. The discussion and conclusions are in § 4.
2. MODELLING THE MERGERS
Fig. 1 shows a schematic sequence of events during a
HeWD+RGB merger. Once the HeWD comes into con-
tact with the expanding red giant, a common envelope
forms. The HeWD will merge with the helium core of
the giant if spiral-in occurs before the entire envelope is
ejected. Then a single giant-like star forms which con-
HeWD+RGB mergers 3
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Figure 1. Schematic representation of possible steps in a helium white dwarf (HeWD) plus red-giant branch (RGB)
star merger leading to the formation of a red clump star with a lithium-rich or carbon-rich surface. Orange represents
the hydrogen-rich envelope, blue is helium-rich material, and red represents the nuclear helium-burning region.
tains a hybrid-core surrounded by an hydrogen-rich man-
tle. The structure of hybrid-core should be similar to the
product of a double HeWDs merger, i.e., a degenerate
core originating from the HeWD, surrounded by a very
hot shell (> 108K) from the disrupted helium core of
the progenitor red giant. Subsequently, the core will be
heated by a series of He-burning shell flashes which burn
inwards towards the centre. Finally, a red clump star
forms once helium core burning has been established.
To represent such an evolutionary path in detail, three
key steps are proposed in our model calculation. In step
1, information about potential merger progenitors is ob-
tained from binary star population synthesis (BSPS). In
step 2, a grid of evolutionary tracks and surface abun-
dances is calculated for an ensemble of post-mergers
models. In step 3, the characteristic properties of post-
merger stars are calculated by combining the results of
BSPS and the grid of post-merger evolutionary tracks.
2.1. Step 1: binary population synthesis
To obtain details of the HeWD+RGB merger channel,
we adopt BSPS to investigate whether the rate of possi-
ble mergers is sufficiently high to make a significant con-
tribution to the population of Li-rich and C-rich giants.
At same time, we calculate the masses of the HeWD and
RGB progenitors which will be used for the subsequent
calculation of post-merger evolution (Step 2).
We model populations of binary stellar stars with the
BSE code (Hurley et al. 2000, 2002), starting from zero-
age main-sequence stars. The basic parameters for bi-
nary star evolution in the rapid evolution code in this
work are chosen to be the same as those previously used
to model the R stars by Izzard et al. (2007), which are
also similar to those used by Politano et al. (2008, 2010).
We evolve 107 pairs of stars within an evolution time of
14 Gyr and record the properties of HeWD+RGB bina-
ries at the onset of the common envelope (CE) phase.
The mass distribution of such pre-CE binaries will be
used to set the grid of parameters for the calculations in
steps 2 and 3.
We generate the mass ratio distribution of zero-age bi-
nary stars according to the formula of Eggleton et al.
(1989) and adopt the initial mass function of Miller &
Scalo (1979) in the range 0.08 − 100 M. The distri-
bution of orbital separations, p(a), is calculated by the
formula of Han (1998):
p(a) =
{
0.070(a/a0)
1.2 a ≤ a0
0.070 a0 ≤ a ≤ a1,
where a0 = 10 R, a1 = 5.75 × 106 R = 0.13 pc. The
parameters chosen in this work have been used in several
previous studies on double WD mergers in the Galaxy
(Han 1998; Zhang et al. 2014); hot subdwarfs (Han et al.
2002, 2003; Zhang & Jeffery 2012); type Ia supernova
(Wang & Han 2009) and EL CVn stars (Chen et al.
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Figure 2. Models of HeWD+RGB merger remnants in
the MWD +Mcore plane. The circles with crosses indicate
the merger models in this work. The dots indicate the
masses of HeWD and core masses of the RGB stars in
the pre-common envelope phase obtained in the binary
population synthesis. The metallicity is Z = 0.02.
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Figure 3. The initial and final masses of RGB stars in
the pre-common envelope and post-merger phases. The
metallicity is Z = 0.02.
2017).
Fig. 2 shows the mass distribution of HeWDs and RGB
cores with a metallicity of Z = 0.02 in the pre-common
envelope phase. This is comparable with the results of
Izzard et al. (2007). As in Izzard et al. (2007), the gap
between the two populated regions is related to the ini-
tial periods of progenitor main-sequence binaries. The
low-mass HeWDs form from short period (few days) bi-
naries and the high-mass HeWDs form from long period
(hundreds of days) binaries. The masses of the RGB star
progenitors lie in the range 1–2M, and will reduce after
common envelope ejection. The final mass of the mergers
shown in Fig. 3 lies in the range 0.9–2M.
2.2. Step 2: post-merger evolution
To examine features of the post-merger stars including
the enrichment of elements, we used the stellar evolu-
tion code mesa version V8118 (Modules for Experiments
in Stellar Astrophysics; Paxton et al. 2011, 2013, 2015).
To obtain the initial HeWDs, we evolved a 1.2Mzero-
age MS star until the He core reaches one of 0.350,
0.375, 0.400, 0.425, 0.450 or 0.475M. Nucleosynthesis
is switched off and a high mass-loss rate is applied to re-
move the hydrogen envelope completely, leaving a model
of an exposed He core. Then the remnant core is allowed
to cool to become a white dwarf, finally ending with
a model having a surface luminosity log(L/L) = −2
(Zhang & Jeffery 2012). According to Zhang & Jeffery
(2013), surface enrichment following a merger only occurs
for high-mass HeWDs. We also did a test for low-mass
HeWD merger model and confirmed such results. Hence,
we have here chosen the masses of HeWDs to lie in the
range 0.350− 0.475M in steps of 0.025M.
It is challenging to simulate a merger with a 1D stel-
lar evolution code, however a series of separate accre-
tion steps is proposed to represent such a merger pro-
cess and has previously been used successfully to rep-
resent some observations of merger remnants (Zhang &
Jeffery 2012, 2013; Zhang et al. 2014, 2017). We sepa-
rate the merger process into two accretion steps in this
work, i.e., (1) accretion of helium-rich materials onto the
HeWD to represent the process of the HeWD+RGB-core
merger in the deep interior and then (2) accretion of
hydrogen-rich materials to represent the assimilation of
the surrounding RGB envelope by the new hot hybrid
core. The fractional distribution of elements within the
helium-rich material is computed from the average mass
fractions of a 0.2MHeWD. The equivalent distribution
within the hydrogen-rich material is computed from the
average mass fraction of an envelope of a 1.2MRGB
star. The accretion rate during the helium accretion
phase is 10−3Myr−1 which is similar to the average ac-
cretion rate obtained in the SPH simulation (Piersanti
et al. 2010). An accretion rate of 1Myr−1 is used to re-
establish the hydrogen-rich envelope around the merged
core, as was used by Zhang et al. (2017). In all, the whole
process takes place on a similar time-scale to a CE phase
HeWD+RGB mergers 5
(Ivanova 2011; Passy et al. 2012; Ivanova et al. 2013).
The masses of the RGB helium cores range from 0.150
to 0.25 M in steps of 0.05M, as shown in Fig. 2. In gen-
eral, we set the initial hybrid-core masses of mergers to be
the sum of masses of HeWD and RGB core, which will
be modified by envelope convection during the merger
process. The final masses of the merger combines contri-
butions from the hybrid-core and the envelope masses.
The masses of final merged models range from 0.80 to
2.0 M in steps of 0.1M to cover the distribution of
the final masses from binary population synthesis of step
1 (see Fig. 3). Thus, we obtained 259 initial models of
post-merger stars for each metallicity, i.e., Z=0.03, 0.02,
0.01 and 0.004.
For the subsequent post-merger evolution, we adopted
parameters similar to the MESA isochrones and stellar
tracks (MIST) project for normal stars (Dotter 2016;
Choi et al. 2016) (see Appendix A). We set the mixing
length parameter α = l/Hp = 1.82. We adopt the OPAL
Type 2 opacity tables in order to account for the chang-
ing abundances of carbon and oxygen following the He
flashes(Iglesias & Rogers 1996; Ferguson et al. 2005). We
chose the simple photosphere option for the outer bound-
ary condition (i.e. T 4(τ) = 3/4T 4eff(τ + 2/3)). In our
models, mixing is by convection in the convective regions
and atomic diffusion in the radiative areas(Thoul et al.
1994). Diffusion includes the processes of gravitational
settling, thermal diffusion, and concentration diffusion.
The atomic diffusion coefficients are those calculated by
Paquette et al. (1986). We also consider semiconvec-
tive and thermohaline mixing as in MIST. The mass loss
rate of the post-merger stars is computed according to
Reimers’ formula with ηR = 0.5. Nuclear reaction net-
works follow the abundances of 21 species: 1H, 2H, 3He,
4He, 7Li, 7Be, 8B, 12C, 13C, 13N, 14N, 15N, 16O, 17O,
18O, 19F, 22Ne, 23Na, 24Mg, 27Al and 56Fe.
2.3. Step 3: population synthesis of post-mergers
We have the masses of progenitors from step 1 and
a grid of evolutionary tracks of post-mergers from step
2. Hence, we can calculate the distribution of the post-
merger models by combining both steps, from which we
can obtain all the required parameters, i.e., the masses,
surface effective temperature, surface gravity, and surface
abundances. As shown in Fig. 3 the final masses of the
merged stars lie in a relatively small range. Thus the
evolutionary tracks are very close to each other for red
giant evolution. But the variation of surface abundance
is much more complex.
Therefore, we do not interpolate the paths for different
masses, but instead we assume that stars with similar
HeWDs, core masses, and final masses are on one of the
theoretical evolutionary tracks that we have computed.
We then calculate the number of merger remnants on
0.35 0.4 0.45 0.5 0.55
4.
5
5
5.
5
6
6.
5
7
7.
5
8
8.
5
lo
g(T
K)
m M
Figure 4. The temperature profile of a 0.40MHeWD +
0.15M helium-core RGB model, during the hydrogen-
assimilation process. The dotted line shows the first
50 profiles of the model; the time increases from top to
bottom. The thick (green) line indicates the convection
dominated region in each profile. Three dashed lines in-
dicate the approximate minimum temperatures for the
3α reaction (T = 1.2 × 108K, e.g., Suda et al. (2011)),
Cameron-Fowler mechanism reaction (T = 3 × 107K,
e.g., Sackmann & Boothroyd (1992)) and lithium de-
struction (T = 2.5 × 106K, e.g.,Pinsonneault (1997)),
respectively. During the interval shown here, the mass
of the hydrogen-envelope (not shown) increases from 0
to 0.02 M.
each track from the BSPS prediction. We determine the
evolutionary stage of each BSPS star along each track by
a random sample selection which includes a probability
weighted by the timescale associated with each point on
the track.
3. RESULTS
According to the common-envelope merging process,
the remnant contains a hybrid core with a hot helium
shell (> 108K) surrounded by a hydrogen envelope. We
adopt two separate fast-accretion phases to compute the
structure of such a post-merger model. The surface
abundance is enriched during the second (hydrogen) ac-
cretion phase.
Fig. 4 shows the temperature structure of the hy-
brid core during the second accretion phase in the
0.40MHeWD + 0.15M helium core RGB model. Dur-
ing the first ∼ 10 steps of this phase, the convection
zone can extend from the merged-star surface down to
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Figure 5. Similar to Fig. 2, models of merged
HeWD+RGB remnants in the MWD −Mcore plane. The
squares (orange) indicate Li-rich merged models and tri-
angles (green) show C-rich merged models. The circles
indicate unenriched models. The metallicity is Z=0.02.
the hot helium shell. Hence some material in the en-
velope can reach the hot layer (where the temperature
T > 107K) and hence participate in nuclear reactions
during this short interval. Hence, 3He from the hydro-
gen envelope is mixed with 4He in hot helium shell and
produces the fresh 7Li by the 3He(α, γ)7Be(e−, ν)7Li re-
action once T > 3 × 107K. Meanwhile, fresh 7Li will
be destroyed by the 7Li(p, α)4He reaction regions where
T > 2.5×106. The convection zone will shrink away from
the hot shell and back to a region where temperature is
less than 2.5×106 after the first ∼ 20 steps. Thus, we ex-
pect some new born 7Li to survive. The final abundance
of 7Li depends on the creation and destruction processes
in the hot shell. In our merger models, there is no new
carbon carried to the surface because the convection zone
does not reach the region of 3α burning which requires
T > 1.2× 108(Suda et al. 2011).
As in the HeWD+HeWD merger, the temperature of
hot shells depends on the masses of the helium white
dwarfs (Zhang & Jeffery 2012; Zhu et al. 2013; Dan et al.
2013). Thus, a more massive HeWD will form a hotter
and broader helium burning shell during the merger pro-
cess. Because of the higher temperature, less 7Li will
survive, but carbon from 3α burning will be elevated to
the surface by convection.
For the intermediate mass HeWDs, the surface con-
vection zone does not contact the helium burning region,
but still reaches a layer where it is hot enough to destroy
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Figure 6. The post-merger evolution of a
0.40MHeWD+0.15Mhelium core RGB with a fi-
nal mass of 1.10Mbefore core burning. Top panel: the
evolution of radius. Middle panel: energy generated
from the 3α reaction. Bottom panel: the location of
helium burning flame front.
almost all fresh 7Li. Figure 5 shows that the remnants
of the merger are divided into three groups, i.e., Li-rich
giants, C-rich giants and normal stars, which depend on
the HeWD progenitor masses. Hence, we will discuss the
mass ranges for these different cases separately.
3.1. Li-rich red clump stars
As discussed above, only the post-merger models
formed from less massive HeWDs can produce models
with Li-rich surfaces, i.e., HeWD models with masses of
0.35,0.375 and 0.40M in our calculations. As shown in
Fig. 6, the radius of star decreases during the inwards
helium flash before core burning. The inwards helium-
core shell burning takes about 3 Myr. Then the helium
burning flame turns to outwards and stars in red clump
stages. The abundance of lithium decreased during core
burning phase, which takes tens of million years (see
Fig. 7). Once core helium burning ceases, stars evolve
to the AGB phase.
Considering that our post-merger models spend most
of their Li-rich stage in the helium core burning phase, we
expect to observe the majority as red clump stars. Most
of the Li-rich giants are close to the location of the red
clump on either the HR diagram or Teff−logg plane (e.g.,
Kumar et al. 2011; Adamo´w et al. 2014; Casey et al. 2016;
Deepak & Reddy 2019; Zhou et al. 2019; Singh et al.
2019a). However, it is difficult to distinguish whether an
HeWD+RGB mergers 7
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Figure 7. Evolutionary tracks of the same model as in
Fig. 6. Left panel: evolution in the HR-diagram. Middle
panel: the evolution of surface abundance of lithium.
Right panel: the evolution of luminosity and helium flash
location (dotted line, right-hand axis) as a function of
time. Red dots are separated in time by 5× 106 yr.
observed giant is a red clump giant or is a degenerate-
core giant ascending the RGB for the first time (a red
bump giant) from their external parameters alone, i.e.,
from their luminosity, gravity, and temperature. The
best way to distinguish between these two stages is by
asteroseismology (Bedding et al. 2011). About 30 Li-rich
stars been examined by this means (e.g., Jofre´ et al. 2015;
Carlberg et al. 2015; Bharat Kumar et al. 2018; Singh
et al. 2019b,a). Having found that model HeWD+RGB
merger remnants can become Li-rich red giants, we com-
pare their properties with observed examples in more
detail.
3.1.1. Luminosity, effective temperature and surface gravity
We compile a sample of 439 observed Li-rich giants for
which parameters of luminosity, surface effective tem-
perature and gravity have been published (Kumar et al.
2011; Jofre´ et al. 2015; Carlberg et al. 2015; Bharat Ku-
mar et al. 2018; Deepak & Reddy 2019; Zhou et al. 2019;
Singh et al. 2019b,a). Of these, the evolution stage has
been determined for 30. All 30 are red clump stars (Jofre´
et al. 2015; Carlberg et al. 2015; Bharat Kumar et al.
2018; Singh et al. 2019b,a). In the log g−Teff plane, their
locations are similar to the theoretical loci of Li-rich gi-
ants formed through HeWD+RGB mergers (Fig. 8). The
30 known Li-rich red clump stars match the peak of the
theoretical distribution very well. A similar comparison
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Figure 8. Lithium-rich giants in the effective
temperature–surface gravity plane. The grey dots indi-
cate all the theoretical HeWD+RGB merger tracks com-
puted which produce Li-rich giants. The colored dots
show the possible locations of Li-rich models from BSPS,
with different colours for different metallicity Z as la-
belled in the key (top right). The squares represent ob-
served Li-rich giants without asteroseismology. The 30
known Li-rich red clump stars are shown as circles with
crosses. The dashed lines delimit the most likely range
(in log g) for Li-rich giants from BSPS. The dotted line
marks the maximum gravity of our Li-rich models. In
the top-left and lower-right panels, curves colour coded
for metallicity represent the normalized number density
distributions of the Li-rich BSPS models in Teff and log g
respectively.
can be made in the L−Teff plane (HR-diagram: Fig. 9).
3.1.2. Surface abundance
The most important feature to compare with obser-
vation is the abundance of lithium. Fig. 10 shows
the lithium distribution of observation stars on A(Li)-
T plane, and almost all can represent by our models.
In addition to the abundance of the lithium, car-
bon isotope ratios are known for a few Li-rich giants,
most of which show a low 12C/13C ratio (< 15) (Ku-
mar et al. 2011). We compiled a sample of 39 Li-
rich giants with a known 12C/13C ratio to compare
with our models (Fig. 11). Most of the observed ra-
tios match the theoretical distribution of 12C/13C in Li-
rich giant models. The enrichment of 13C is due to
the 12C(p, γ)13N(β+, ν)13C(p, γ)14N reaction followed by
convective mixing (or dredge-up) to the surface during
the merger. The final fraction of 13C depends on the
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Figure 9. As Fig. 8 for L− Teff plane (HR-diagram).
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Figure 10. Observed Li-rich giants in the effective tem-
perature – surface lithium (A(Li)) plane. Symbols are as
in Fig. 8.
balance of the competition of 13C and 14N in the nuclear
reactions.
3.1.3. red clump status
As stated above, the post-merger models spend sev-
eral million years with a helium-burning shell moving
inwards though a helium core. Once the helium flash
front reaches the center, actual core helium burning be-
gins. They then spend most of their lifetime as red gi-
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Figure 11. Observed Li-rich giants in the effective tem-
perature – surface 12C/13C plane. Symbols are as in
Fig. 8.
ants in the red clump stage, i.e., tens of million years.
We would therefore expect most Li-rich giants to be red
clump stars if they are formed by a merger. As shown in
Fig. 12, the helium-core-burning stars (red clump stars)
and hydrogen-shell-burning stars (RGB stars) occupy
different regions of the ∆ν−∆p diagram1. The red clump
stars typically have ∆ν/µHz ∼ 5 and 200 < ∆p/s <
400. The RGB stars typcially have ∆p/s ∼ 100 and
4 < ∆ν/µHz < 20. In other words, the red clump stars
demonstrate a large range of core properties, whilst the
RGB stars demonstrate a large range of envelope prop-
erties. All 30 Li-rich giants are red clump stars, and
most match those theoretical models allowed by BSPS.
The same stars and models are shown on the log g −∆p
plane (also Fig. 12) and also match well. We calculate
the asteroseismic quantities from simple scaling relations
(e.g.,Ulrich 1986; Brown et al. 1991; Kjeldsen & Bedding
1995) using MESA output, and not from a full pulsation
analysis (Townsend & Teitler 2013, e.g. GYRE). The
former are used successfully for asteroseismic analyses of
many classes of pulsating star.
Fig. 12 shows that there are a few post-merger models
in the RGB dominated region of the seismic diagram.
Such models are in the helium-core shell burning phase,
where the helium-burning shell is moving inwards into an
electron-degenerate helium core. Their density structure
1 ∆ν and ∆p represent the large frequency and large period
spacing which, in asymptotic theory, are characteristic of the spac-
ing between successive radial orders of p- and g-mode oscillations
of the same (non-radial) degree which, in turn, primarily reflect
properties of the stellar envelope and core, respectively.
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Figure 12. Location of the sample stars and models on
the seismic diagram (left) and log g–∆p plane (right).
The red clump stars and RGB stars are indicated by
triangles and circles, which are from Vrard et al. (2016).
The squares and circles with crosses indicate the models
and observed Li-rich giants, respectively.
is thus similar to that of RGB stars where the hydrogen-
burning shell around an election-degenerate helium core
is moving outwards.
3.1.4. Masses
Fig. 13 shows the distribution of the core masses of
merger remnants. The core masses are in the range 0.4−
0.65M, with a peak at 0.45− 0.5M. Fig. 14 shows the
final masses of Li-rich mergers, which range from 0.8 to
1.8M. The peak of the mass distribution is ≈ 1.2M.
As discussed in section 2, the abundance of lithium in
the post-merger models is very sensitive to the mass of
the pre-merger HeWDs and hence to the core masses of
the remnants. Fig. 15 shows how the surface abundance
of lithium increases with decreasing core mass. For stars
with lithium A(Li) ≥ 3.2, the core masses are approxi-
mately in the range 0.44− 0.51M.
3.1.5. Birth rate
Aside from the question of how lithium is enriched by
HeWD+RGB mergers, a critical issue is how many such
stars could be observed in the Galaxy. To find the an-
swer, we combine post-merger evolution models with the
results of population synthesis and a statistical analysis.
Our calculation is designed to find the properties of a
model population with an age of 14 Gyr and a constant
star formation rate of 5 M yr−1, which is designed to
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Figure 13. The core mass distribution of Li-rich giant
models at different metallicities.
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Figure 14. The total mass distribution of Li-rich giant
models at different metallicities.
represent star-formation history of the Galaxy (Yungel-
son & Livio 1998).
From a calculation of 107 binary systems, we find that
3931, 3233, 2707 and 3093 undergo HeWD+RGB merg-
ers and produce enriched lithium surfaces for metallici-
ties Z = 0.03, 0.02, 0.01 and 0.004, respectively. Thus, at
an age of 13.7 Gyr with a constant star formation rate
of 5 M yr−1, Li-rich giants form through HeWD+RGB
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Figure 15. The core mass–A(Li) plane. Symbols are as
in Fig. 8.
mergers at a rate of 8.6, 7.0, 5.9 and 6.7 × 10−4 yr−1
for Galaxy disc at Z = 0.03, 0.02, 0.01 and 0.004, respec-
tively.
Another factor to consider is the lifetime of Li-rich gi-
ants. Lithium will decrease during evolution as surface
lithium is dredged down and destroyed. Fig. 16 shows
the ages of Li-rich giants in our models since the post-
merger stage. The most enriched lithium giants only
exist as such for a few millions of years but, in total,
the Li-rich giants defined as having A(Li) > 1.5 may
live for up to 1.0 × 108 yrs. Assuming a birth rate of
6 − 9 × 10−4 yr−1 and taking an effective Galactic disc
volume of 7.5 × 1010pc3 (Yu & Jeffery 2015, e.g.) , we
expect the Galactic disc volume density of Li-rich giants
to be 0.8 − 1.2 × 10−6pc−3, assuming that the majority
are Li-rich red clump stars. The apparent space density
of red clump stars is about 1.14 × 10−4pc−3 in the disk
of Galaxy (Knapp et al. 2001). The predicted number
of Li-rich red clump stars formed from mergers thus cor-
responds to ∼ 1% of the total red clump stars. This
suggests that HeWD+RGB mergers contribute to most
of the observed Li-rich red clump population. However,
some Li-rich giants may form from other channels, in
particular the Li-rich red-bump RGB stars.
3.2. Early-R carbon stars
Zhang & Jeffery (2013) argued that the early-R car-
bon stars could form from HeWD+RGB mergers. In
the current merger calculations we can reproduce the
features of most early-R carbon stars. As with Li-rich
stars from the HeWD+RGB merger channel, the mod-
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Figure 16. Surface lithium abundances of Li-rich models
as a function of age. Symbols are as in Fig. 8.
els that resemble eary-R stars are all in the red clump
(core helium-burning) phase, but with the difference that
these models are formed from more massive helium white
dwarfs. Moreover, we only obtain carbon-rich models
with metallicities Z = 0.03, 0.02 and 0.01, and not with
Z = 0.004.
Having found that model HeWD+RGB merger rem-
nants can become early R stars, we compare their prop-
erties in more detail to observed examples of such stars.
We have a sample of 12 early-R stars from Zamora et al.
(2009). We compare these stars with the theoretical dis-
tribution of atmospheric parameters for models formed
through this merger channel . The observed stars are
satisfactorily close to the theoretical distribution in the
effective temperature–surface gravity plane (Fig. 17).
3.2.1. General properties
Fig. 18 compares the C/O and 12C/13C ratios for the
early-R star observations with ratios calculated in the
models. The theoretical models overlap the distribution
of early-R stars with C/O ≈ 1−2. Some of the stars with
large C/O ratio may form from other channels. The ob-
served lithium abundances are shown in Fig. 19 and are
consistent with the range obtained in the merger models.
The observed 12C/13C ratios are consistent with models
having Z ∼ 0.01. Of the 12 stars, 8 have [M/H]¡=-
0.3 (Z ∼ 0.01) and the rest are -0.26, -0.1,-0.09,-0.03
(Zamora et al. 2009). Thus a metal-poor origin appears
probable.
3.2.2. Birth rate
HeWD+RGB mergers 11
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Figure 17. Early-R stars in the effective temperature–
surface gravity plane. The grey dots indicate the the-
oretical distribution of C-rich models formed through
HeWD+RGB mergers. The colored dots show the pos-
sible location of stars from binary population synthe-
sis, with different colours for different metallicities. The
triangles represent observed early-R stars from Zamora
et al. (2009). The cross indicates the average error on
the R-star observations.
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Figure 18. As Fig. 17 for C/O and 12C/13C ratios.
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Figure 19. As Fig. 17 for A(Li) and 12C/13C.
As in the study of Li-rich giants, we want to know how
many early-R stars formed from merger we can expect
to observe in the Galaxy. Form the BSPS simulation of
107 binary systems, we find 2051, 1262 and 1742 sys-
tems which undergo HeWD+RGB mergers to produce
enriched carbon stars, with Z = 0.03, 0.02 and 0.01,
respectively. Thus, at 13.7 Gyr, with a constant star
formation rate of 5 M yr−1, C-rich giants are formed
through HeWD+RGB mergers at a rate of 4.4, 2.6 and
3.8 × 10−4 yr−1 for Galaxy disc at Z = 0.03, 0.02 and
0.01, respectively.
The lifetime for C-rich giants is about 108 yrs. Com-
bining with the birth rate and the volume of the disk
of Galaxy, we may expect the volume density of early-
R stars to 3.5 − 5.9 × 10−7pc−3. The observed volume
density of early-R stars is about 0.45 − 1.5 × 10−7pc−3
(Knapp et al. 2001). These are small number statistics,
but they do indicate that HeWD+RGB mergers can con-
tribute for the early-R stars population. Other channels
may account for the most carbon-rich early-R stars.
4. CONCLUSION AND DISCUSSION
The merger of a helium white dwarf (HeWD) with
a red giant branch (RGB) star in a common envelope
provides a possible model for the origin of lithium and
carbon-rich stars. By adopting a grid of approximate
initial conditions for such mergers informed by previous
SPH simulations, we have made one-dimensional mesa
calculations of the post-merger evolution of a wide range
of possible systems. Using binary star population syn-
thesis (BSPS) we have computed the frequency and dis-
tribution of HeWD + RGB binary-star systems that are
12
likely to merge.
Analysis of the post-merger evolution models show
that the final surface abundances depend on the masses
of the progenitor HeWDs. The Li-rich giants form from
low-mass HeWDs, i.e., 0.35M ≤ MWD ≤ 0.40M; the
C-rich giants form from low-mass HeWDs, i.e., 0.45M ≤
MWD ≤ 0.475M. The pathway to either these cate-
gories is related to the temperature of the helium core
burning shell and the balance of nuclear products during
initial shell burning.
Analysis of the distribution of post-mergers systems,
as given by BSPS and mesa evolution tracks, shows
that predictions for HeWD+RGB mergers are consis-
tent with observations of most Li-rich giants in terms
of surface effective temperature (Teff), surface gravity
(logg), surface luminosity (logL), surface abundance
(A(Li) and 12C/13C), and the Galaxy disc space density
of 0.8 − 1.2 × 10−6pc−3. They are also consistent with
the properties of some early R carbon stars, in terms of
Teff ,logg, C/O, A(Li),
12C/13C, and a space density of
3.5− 5.9× 10−7pc−3.
According to the models, the post-merger objects are
helium core burning stars, which means that they are
all in the red clump stage of evolution, i.e. they are red
giants with non-degenerate helium cores. However, only
a few Li-rich giants have had their precise evolutionary
stage determined by asteroseismology. Those stars which
have been analysed in this way correspond well with our
results. Hence, we strongly argue that the Li-rich red
clump stars and the majority of early-R carbon stars
most likely form following the merger of a HeWD with
an RGB star.
A few problems still need to be addressed:
i) post-merger evolution calculations depend on evolu-
tion during the common envelope phase which is deter-
mined by the progenitors of the merger, the amount of
mass loss during the common envelope phase and the
structure of the common envelope. However, our knowl-
edge of common envelope phase in binary-star evolution
is still poor. Future theoretical studies and simulations
will improve this deficiency. Also, as the products of
post common-envelope mergers, further observations of
Li-rich red clump stars will provide additional data for
studies of the common-envelope phase.
ii) Some of the observed Li-rich giants have measured
rotation velocities, but we have not calculated rotation
speeds for post-merger models immediately following
common envelope ejection. Our model will be improved
with more knowledge of angular momentum transport
during the merger.
iii) The HeWD+RGB merger model provides a suc-
cessful explanation for Li-rich red clump stars, but does
not explain Li-rich RGB stars, i.e. stars on their first as-
cent of the giant branch. Such stars will require further
explanation in the future.
iv) The most carbon-rich early-R stars (with C/O
1.5) cannot be explained by our models.
We therefore need more observations of Li-rich and C-
rich giants to help identify and diagnose the evolution
channels. We also require further numerical simulations
for HeWD+RGB mergers, in particular to study the dy-
namics of the common envelope and the merging of the
HeWD with the RGB core.
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APPENDIX
A. MESA INLIST
To evolve merger remnants with mesa the parameters that differ from the defaults are as follows:
&star_job
change_net = .true.
new_net_name = ’agbnew.net’
set_rates_preference = .true.
new_rates_preference = +2
kappa_file_prefix = ’a09’
kappa_lowT_prefix = ’lowT_fa05_a09p’
kappa_CO_prefix = ’a09_co’
initial_zfracs = 6 ! AGSS09_zfracs
/
&controls
use_Type2_opacities = .true.
kap_Type2_full_off_X = 1d-3
kap_Type2_full_on_X = 1d-6
Zbase = 0.02d0
mixing_length_alpha = 1.82
14
use_Ledoux_criterion = .true.
alpha_semiconvection = 0.1
thermohaline_coeff = 666.0
which_atm_option = ’simple_photosphere’
cool_wind_RGB_scheme = ’Reimers’
Reimers_scaling_factor = 0.5
cool_wind_AGB_scheme = ’Blocker’
Blocker_scaling_factor = 0.5
RGB_to_AGB_wind_switch = 1d-4
varcontrol_target = 1d-3
mesh_delta_coeff = 2
do_element_diffusion = .true.
diffusion_dt_limit = 3.15e13
diffusion_min_T_at_surface = 1d3
/
